Eleven H3N2, seven H1N1 and three H3N1 influenza virus reassortants of the pyrogenic A/Puerto Rico/8/34-A/England/939/69 clone 7a (H3N2) (A/7A) and poorly pyrogenic A/Fiji/15899/83 (H1N1) (A/Fiji) parents were analysed genetically for the parental origin of their genes and for their pyrogenicity in ferrets. All H3N2 reassortants were pyrogenic and produced significantly more fever than A/Fiji but differences in pyrogenicity between them could not be correlated with either single or constellations of genes. All HIN1 reassortants were poorly pyrogenic compared with A/7A but one (Am29) produced significantly more fever than A/Fiji. No correlation of the increased fever with inserted A/7A genes was evident in Am29 and, while mutations were detected in the HI haemagglutinin of this reassortant using monoclonal antibodies, similar mutations were present in the other H1N1 reassortants which showed no increase in fever production. The three H3N1 reassortants were intermediate in their pyrogenicity, being more pyrogenic than A/Fiji and less pyrogenic than A/7A. Overall, these results support previous conclusions that the haemagglutinin and/or neuraminidase play a major role in the pyrogenicity of influenza virus.
In humans, fever and other constitutional symptoms of influenza such as headache, myalgia, listlessness, nausea, shivering, anorexia and depression result from the action of endogenous pyrogen (EP) produced by phagocytes in response to infection (Rawlins & Cranston, 1973; Scott et al., 1981; Dinarello & Wolff, 1982; Gander, 1982) . Influenza viruses differ in ability to cause these constitutional effects. Thus, recent H1N1 isolates produced milder illness and lower fevers in humans compared to H3N2 viruses (Kung et al., 1978; Wright et al., 1981; Frank et al., 1985) . Similarly, in ferrets infection with two recent H1N1 human isolates [A/USSR/90/77 (A/USSR), A/Fiji/15899/83 (A/Fiji)] produced less fever than two virulent H3N2 clones, 7a and 64c, of the reassortant virus A/England/939/69-A/Puerto Rico/8/ 34 (Toms et al., 1977; Sweet et al., 1979; Matsuyama et al., 1980; Coates et al., 1986) .
Previously, we have shown that A/USSR and A/Fiji were less pyrogenic than clones 7a or 64c. Intracardial inoculation of ferrets with large quantities of purified influenza virus produced a rapid febrile response that was significantly lower for the two H1N1 viruses than for the two H3N2 viruses (Coates et al., 1986) . Ultraviolet light-inactivated virus, which was shown to be noninfectious, also produced fever but at a lower level than infectious virus (Coates et al., 1986) . Again the febrile response was less for the two HtN1 viruses than for the two H3N2 viruses. This work suggested that virion components were pyrogenic and that these varied in nature and/or amount between the HIN1 and H3N2 viruses.
A previous attempt to identify the pyrogenic components by disruption and fractionation of virions suggested that the haemagglutinin and/or neuraminidase appeared essential for pyrogenicity but that the integrity of the virus particle was necessary for optimum pyrogenicity and lipid may be involved (Pickering et al., 1992) . Treatment of infectious virions with bromelain, under conditions that removed the surface glycoproteins (spikes) but left the remainder of the structure intact, completely destroyed their pyrogenicity. The supernatant, containing non-aggregated and modified glycoproteins, was also non-pyrogenic. Disruption of virions with sodium deoxycholate considerably reduced pyrogenicity; however, some was retained by the subviral cores, i.e. the material remaining after removal of lipid and surface glycoproteins (Pickering et al., 1992) . Nevertheless, purified viral nucleoprotein and matrix protein were not pyrogenic. Aggregated stellate clusters of surface glycoproteins showed some pyrogenicity. So did virosomes containing viral lipid and glycoproteins but not liposomes containing viral lipid alone.
Since the integrity of the virus particle appeared important, we have now utilized a second approach to identify the pyrogenic component, namely the generation and examination of reassortants derived from A/Fiji and 0001-2527 © 1994 SGM clone 7a. These reassortants were examined genetically and for pyrogenicity in an attempt to identify the gene(s) encoding the viral pyrogen(s).
The H3N2 clone 7a of the A/Puerto Rico/8/34-A/England/939/69 reassortant virus system has been described previously (Matsuyama et al., 1980) as has the H1N1 virus A/Fiji/15899/83 (Coates et al., 1986) . In this publication clone 7a will be designated A/7A to avoid confusion with reassortants generated from this parent. Seed stocks were prepared and titrated in eggs or allantois-on-shell cultures (egg-bits) as described previously (Sweet et al., 1974a, b) ; titres are expressed as 50% egg infectious dose (EIDs0) or 50% egg-bit infectious dose (EBIDs0).
Madin-Darby canine kidney (MDCK) cells were used for plaquing influenza virus . Primary chick embryo fibroblast (CEF) cells, used for production of cRNA, were prepared by trypsinization of 10-day-old chick embryos. Cells were grown in medium 199 supplemented with 10 % newborn bovine serum, 0" 15 % sodium bicarbonate, 2 mM-L-glutamine, 200 units penicillin/ml and 100 gg streptomycin/ml.
Purified influenza virus was prepared and inactivated by u.v. irradiation as described previously (Pickering et al., 1992) except that virus was irradiated for 15 to 17 min.
Haemagglutination (HA) and haemagglutination-inhibition (HI) assays have been described previously (Sweet et al., 1974c; Toms et al., 1976) and neuraminidase-inhibition (NI) assays were carried out as described by Webster & Campbell (1972) .
To measure the pyrogenicity of u.v.-irradiated viruses, adult male ferrets were inoculated intravenously with virus under halothane anaesthesia and rectal temperatures monitored as previously described (Coates et al., 1986) . Fever was considered significant if the rectal temperatures increased by ~> 0"7 °C above the mean preinoculation temperature (determined as described by Toms et al., 1977) . The rise was plotted against time post-inoculation and the level of fever (fever index) was assessed by determining mathematically the area under the curve t> 0.7 °C (expressed as °C h). The significance of the difference between the mean fever levels for different virus strains was tested using the t-test for independent samples.
To prevent and check that contamination with endotoxin was not occurring, glassware was sterilized by heating in an oven at 160 °C for 2 h, and solutions and centrifuge tubes were autoclaved at 15 p.s.i, for 2 h (heat labile media were filter-sterilized). Non-pyrogenic sterile plastic ware, syringes and hypodermic needles were used. To confirm the absence of endotoxin in test samples, they were heated at 90 °C for 30 min and tested in ferrets for absence of pyrogenicity, i.e. no rise in rectal temperature > 0.7 °C above the mean pre-inoculation temperature following intravenous inoculation. Heating at 90 °C for 30 min destroys viral pyrogenicity but not that due to endotoxin.
Reassortants were derived from A/TA and A/Fiji, the highly pyrogenic and poorly pyrogenic parents respectively. They were prepared by inoculating egg-bits with different dilutions of both parent viruses and incubating at 37 °C for 72 h. The better growth of A/TA compared with A/Fiji was compensated by inoculating the former at a range of 100 to 800-fold higher dilution than the latter in every mixture. The 'Ah' series of reassortants were then selected by titrating the pool of virus in MDCK cells in the presence of rabbit anti-H IN1 serum raised to A/England/333/82 (HI titre = 620). Plaques were picked and grown up in eggs. This procedure was repeated two further times. The' Am' series were selected from the same pools by the same procedure but in the presence of an anti-H3N2 serum raised to X31, a reassortant between PR/8 and A/Hong Kong/68 (HI titre = 620). Seed stocks were prepared by intra-allantoic inoculation of 10 to 12-day-old embryonated hens' eggs with a 10 -2 dilution of the original virus sample and incubation at 35 °C for 48 h. Working stocks were obtained from allantoic fluids of 10 to 12-day-old embryonated eggs inoculated with 102 EIDs0 of seed stock virus and incubated at 35 °C for 48 h.
The parental origin of the RNA segments in the reassortants was determined essentially by the method of Hay et al. (1977 Hay et al. ( , 1979 . It proved very difficult to produce vRNA:cRNA hybrids for A/Fiji and consequently for reassortants with vRNA from A/Fiji. Thus, the parental origins of the genes of the reassortants were determined by presence or absence of hybridization of reassortant cRNA with A/7A vRNA only.
To produce labelled cRNA, overnight cultures of primary CEF cell monolayers were washed three times with warm saline and then incubated in Hanks' balanced salt solution (HBS), containing 25 mM HEPES and 100 gg/ml cycloheximide, for 30 min at 37 °C. After removal of the medium, the cells in each 9 cm Petri dish were inoculated with 500 to 1000 HA units of the required virus in medium containing 100 gg/ml cycloheximide. After 45 min incubation at 37 °C, the inoculum was removed, fresh HBS with 100 gg/ml cycloheximide added and the cells incubated for 90 rain at 37 °C. Fresh medium containing 100gg/ml cycloheximide and 200 gCi [5,6-3H] uridine (ICN Flow, specific activity 35 to 50 Ci/mmol) was added and the incubation continued for a further 2 to 3 h at 37 °C. RNA was extracted from the cells by disrupting them with 0"5 % SDS in 10 mMsodium acetate buffer, pH 5.0, followed by ethanol precipitation.
To prepare virion RNA (vRNA), 200 to 250 embryonated hens' eggs were inoculated with 102 EBIDs0 A/7A and allantoic fluid harvested after 48 h incubation at 35 °C. Virus was concentrated by precipitation with 7"5% (w/v) polyethylene glycol 6000 and purified by sucrose gradient centrifugation as described above. Viral suspensions containing 3 to 4 mg/ml of purified virus were sonicated and diluted further to reduce turbidity before treatment at room temperature in 1% (w/v) SDS, 20 mM-sodium acetate (pH 5-0) and 1 mM-EDTA. The released RNA was purified by phenol extraction and ethanol precipitation. Labelled cRNA extracted from cells infected with reassortant virus was then hybridized with an excess of cold vRNA from A/7A. The RNAs were denatured by addition of 9 vols dimethyl sulphoxide (DMSO) and incubation at 45 °C for 30 min. Solutions of sodium chloride, Tris-HC1, pH 7.4, and Na2EDTA were added to give final concentrations of 43 mM, 17"2 mM and 2.1 mM respectively, reducing the DMSO concentration to 63 %, and incubation was continued at 57 °C for 18 to 20h. After hybridization, the RNA was ethanolprecipitated and dissolved in 200 I11 of S1 buffer (10 mM sodium acetate, 20 mM zinc sulphate, pH 4-5) containing 6 units/lal of nuclease S 1 from Aspergillus oryzae (Sigma; 200000 to 600000 units/mg protein) and incubated at 45 °C for 90 min. After ethanol precipitation, the RNA was dissolved in buffer (25 mM-EDTA, 40 mM-Tris-HC1, 7 M-urea, 20 mM-sodium acetate, pH 7.8) and analysed by SDS-PAGE. Electrophoresis was performed in slab gels containing 4.5 % (w/v) acrylamide, 0.22 % (w/v) bisacrylamide, 0"1% SDS and TAE buffer (40mM-Tris-HC1, 10 mM-EDTA, 20 mM-sodium acetate, pH 7-8). Following electrophoresis at 70V for 16 to 17 h in 0.1% SDS, 10 mM-EDTA, 40 mM-Tris-HC1, 20 mM- sodium acetate, pH 7.8, radioactive hybrid RNAs were detected by fluorography (Laskey & Mills, 1975) .
The genetic constitution and serotype of the reassortants is shown in Table 1 . The 21 reassortants were classified into H3N2 (eleven), H1N1 (seven) and H3N1 (three) subtypes.
Samples of u.v.-inactivated parental viruses A/7A and A/Fiji were inoculated intravenously into ferrets at a dose of 300 gg viral protein/kg body weight. The resultant mean febrile response of each virus is shown in Fig. 1 (a) . A/7A produced a mean peak temperature rise of 2.7_+0.17 °C above the pre-inoculation mean at 3 h post-inoculation. In contrast, intravenous inoculation with A/Fiji produced little or no fever at any time up to 6 h post-inoculation (Fig. l a) . Correspondingly, the mean fever index for A/7A was significantly greater than that for A/Fiji (P < 0'001) ( Table 1 ).
All H3N2 reassortants were pyrogenic and produced significantly more fever than A/Fiji (P < 0.01 ; Table 1 ). However, within the group of H3N2 reassortants there were considerable differences in pyrogenicity. Fig. 1 (b) provides examples (Ah2, Ahl5, Ah41, Ah42) of the differences obtained. Thus, clones Ah2, Ah3, Ah9, Ah23 and Ah33 produced peak fever rises of 2.8_+0.29, 2.3_+0.22, 2-0_+0.31, 2"2_+0.22 and 1.8_+0.22 °C respectively and fever indices were comparable to, and not significantly different from, the A/7A parent (Table 1) . In contrast, although clones Ah6, Ahll and Ahl5 produced similar peak fever rises of 1.9_+0.14, 2.2_+0.19 and 2.17_+0.07 °C to A/7A (Fig. lb) , the fever indices were significantly lower (P < 0'05) ( Table 1) . Three other H3N2 clones, Ah42, Ah41 and Ahl, produced lower maximum temperatures of 1"8_+ 0.27, 1.37_+ 0.22 and 1.25 _+ 0.22 °C (Fig. 1 b) and the fever indices were again significantly lower than for A/7A (P < 0"01 to < 0.001 ; Table 1 ). No single gene or constellation of genes from A/Fiji appeared to correlate with the reduced pyrogenicity (Table 1) . Three pairs of clones (Ah 1 and Ah33; Ah2 and Ahll; Ah3 and Ah6) were identified with apparently the same genetic constitution but of differing pyrogenicity. However, no mutations were evident in the H3 haemagglutinin of these pairs of clones, or indeed any H3N2 reassortant as determined using a panel of six monoclonal antibodies (data not shown).
All H1N1 reassortants were significantly less pyrogenic than the H3N2 parent A/7A (P < 0"01) (Table 1) ; Fig.  l(c) provides examples (Am2, Aml2, Am29) of the differences obtained. Three (Am2, Am9, Am24) of the H 1N 1 reassortants, like A/Fiji, produced no fever (Table  1 ). In addition, while the remaining four reassortants produced more fever than A/Fiji, for only one (Am29) was this significant (P < 0.01 ; Table 1 ). This reassortant possessed all A/Fiji genes except the A/7A nucleoprotein suggesting that this gene product may be involved in pyrogenicity (Table 1) . However, three other H1N1 reassortants (Am2, Am3, Am9) also possessed the A/7A NP gene but did not produce fever. In addition, while HI titrations of the H1N1 reassortants with anti-H1 monoclonal antibodies showed that at least one epitope was modified or lost in each of the reassortants (Table 2) , this did not correlate with enhanced pyrogenicity (Table 1) .
The three H3N1 reassortants produced levels of fever intermediate between the H3N2 and H1N1 parents; Ah24, Ah37 and Ah39 produced mean peak temperature rises of 2.0 _+ 0"08, 1'63 _+ 0.26 and 1.17 _+ 0-03 respectively (Fig. 1 d) and mean fever indices of 3-09, 2.57 and 1-60 respectively (Table 1 ). All three H3N1 reassortants were significantly more pyrogenic than A/Fiji and significantly less pyrogenic than A/7A (Table 1) .
While the H1N1 virus group was significantly less pyrogenic (P < 0-01) than the H3N2 virus group as Because of the susceptibility of the A/Fiji RNA segments to the high level of S1 nuclease required in the analysis of the parental origin of the genes, determination of the origin of the RNA segments in the reassortants was only possible by detection of A/7A hybridized RNA segments. Although this analysis did allow us to identify with some certainty the presence of A/7A segments in the reassortants, the identification of A/Fiji segments, especially the polymerase genes, remains tentative since they were identified by the absence of hybridization of their cRNA with A/7A vRNA.
Despite this uncertainty regarding the precise genetic constitution of the reassortants, the present results gave support to the general conclusions reached using our previous chemical approach (Pickering et al., 1992) that the haemagglutinin and neuraminidase appear essential in the pyrogenicity of influenza virus. All H3N2 reassortants were pyrogenic like the H3N2 parent while all H1N1 reassortants were poorly pyrogenic like the H1N1 parent. In addition, reassortants bearing the H3 haemagglutinin and the N1 neuraminidase showed pyrogenicity intermediate between that of the H3N2 and H1N1 parents. Furthermore, the H3N1 reassortants were significantly more pyrogenic than the H1N1 parent suggesting that the haemagglutinin plays a role in pyrogenicity. Similarly, the H3N1 reassortants were significantly less pyrogenic than the H3N2 parent suggesting that the neuraminidase may also be involved. Some H3N2 reassortants (Ahl, Ah6, Ahl 1, Ahl5, Ah41, Ah42) were significantly less pyrogenic than the H3N2 parent although still significantly more pyrogenic than the H1N1 parent (Table 1) . This may be due to mutations in the surface glycoproteins. While no mutations were evident in the H3 haemagglutinin of any of the H3N2 reassortants as determined by a panel of six monoclonal antibodies, mutations in the neuraminidase could not be excluded because of lack of monoclonal antibodies; neither could mutations in regions of the H3 haemagglutinin not recognized by the monoclonals. Also, mutations may have occurred in regions involved in pyrogenicity but not antigenicity, which can only be explored by sequence analysis.
Although the haemagglutinin and neuraminidase appear to play the most important roles in pyrogenicity, other viral proteins or products may also be involved since some H3N2 reassortants were significantly less pyrogenic than A/7A and one HIN1 reassortant was significantly more pyrogenic than A/Fiji. However, a comparison of the genetic constitution of the H3N2 reassortants failed to show any single gene or constellation of A/Fiji genes associated with the reduced pyrogenicity. Thus, reassortant Ahl5, which was significantly less pyrogenic (P < 0.05) than A/7A, possessed seven A/7A genes and the A/Fiji matrix gene suggesting that the latter may contribute to the reduced pyrogenicity. However, reassortant Ah9, which is not significantly less pyrogenic than A/7A, also possessed the A/Fiji matrix gene. Similarly, most of the other less pyrogenic H3N2 reassortants possessed various A/Fiji genes such as PB2, PA, NP and NS genes. Again these genes were frequently present in other H3N2 reassortants which did not show reduced pyrogenicity. Turning now to the H1N1 reassortants, Am29 produced significantly higher fever than A/Fiji. This reassortant possessed the A/7A nucleoprotein but again this gene was present in other H1N1 reassortants which did not produce significantly more fever than A/Fiji (Table 1) .
The probable role of the surface glycoproteins in pyrogenicity indicated by our results is in agreement with attempts to identify the viral component(s) that evoke interferon (IFN) and other pyrogenic cytokines such as interleukin (IL)-I, IL-6, tumour necrosis factor (TNF), macrophage inflammatory protein (MIP)-I and ciliary neurotrophic factor (Davatelis et al., 1989; Dinarello et al., 1988; Bendtzen, 1988; Shapiro et al., 1993) . Any or all of these may cause fever in influenza although the nature of the endogenous pyrogen concerned is not yet clear . Influenza virus [A/USSR/053/74 (H3N2)] induces IFN in mice but only if the surface antigens, particularly neuraminidase, are preserved (Chomik, 1988a, b; Chomik & Slusarczyk, 1988) . Similarly, purified neuraminidase increased the level of IL-1 and TNF secreted by mouse peritoneal macrophages both in vivo and in vitro (Houde & Arora, 1989 , 1990 .
While differences in pyrogenicity within members of a particular subtype may be obscured by inaccuracies in their genotyping this should not influence the overall implication of the work described here that the surface glycoproteins are the major contributors to pyrogenicity. Perhaps the next step is to insert the H3 haemagglutinin and N2 neuraminidase genes of A/7A into A/Fiji and the H1N1 genes of A/Fiji into A/7A either singly or together using reverse genetics (Li et al., 1993) .
